We previously identified and cloned T-cell translocation gene 1 (Ttg-1). a putative zinc finger protein, as a result of its deregulated expression in a T-cell acute lymphoblastic leukemia cell line (RPMI 8402) with a t(ll;l4)(pl5;qll). We have now characterized its genomic organization and identified the major transcriptional start site to lie within an initiatorlike motif. Ttg-1 is normally expressed in mouse brain and not in thymus. The mouse neuroblastoma cell line, N2a. also
w in the immature T-cell acute lymphoblastic leukemia (T-ALL) cell line, RPMI-8402.' This translocation juxtaposed the 5' heptamer-spacer-nonamer of the DG1 T-cell receptor (TCR) gene segment at 14qll with an isolated heptamer upstream of a new gene at llp15 we termed Ttg-1 (T-cell translocation gene 1). The GTCR gene, located within the enormous aTCR gene locus is the first TCR to rearrange during T-cell development. Not surprisingly, T-ALLs with an immature phenotype, lacking CD3, frequently have translocations involving the GTCR and a variety of other chromosomes.*~'
The Ttg-1 cDNA predicts an 18-Kd protein with two potential zinc finger domains that is expressed at high levels in the RPMI 8402 T-ALL line but not expressed in normal thymus or most lymphoid cell lines.' The term zinc finger refers to a protein structure in which two pairs of cysteine (or cysteine/histidine) residues coordinately bind a zinc atom to form a tertiay structure that binds specific DNA sequences or in some cases, other protein^.^.' Many proteins in this family are involved in regulating transcription including the prototype, Xenopus transcription factor TFI-IIA, and the family of steroid hormone receptors.' Other zinc finger genes are mutated or deleted in a variety of malignancies including the retinoblastoma gene product8 and the candidate Wilms' tumor Genes belonging to another class of DNA-binding proteins, termed helix-loop-helix, have been identified at three different ALL translocation breakpoints. Cloning of the chromosomal breakpoints in several T-ALLs with translocations between the GTCR at 14qll and lp32 has identified a gene, SCL (also referred to as tal), containing this motif."." A translocation involving the pTCR gene at 7q34 with 1 9~1 3 in T-ALL results in the truncation of the lyl-1 gene that encodes a protein with a presumed helix-loop-helix DNA binding motif.13 The t(1;19)(q23;p13.3) in pre-B-ALL results in the formation of a potential chimeric transcription factor where the helix-loop-helix domain of the E2A gene, which encodes Ig enhancer binding factors E12 and E47, is lost and replaced by a homeobox domain from a newly identified gene, ~rl.'~.' ' These findings show that abnormalities of transcriptional regulatory genes are seen in a wide variety of malignancies. The presence of a potential zinc finger structure in Ttg-1 and its high level of expression in RPMI 8402 suggest that the aberrant expression of Ttg-1 in these cells is directly involved in the generation or maintenance of their malignant phenotype. We hypothesize that Ttg-1 may be involved in gene regulation. To begin addressing this question, we have further characterized Ttg-1 by cloning the genomic locus, identifying the normal site of RNA expression in cells of neural lineage, and generating antibodies that localize the protein to the nucleus.
MATERIALS AND METHODS
Cell lines. RPMI 8402 T-ALL cell line16 and the mouse neuroblastoma cell line N2a" were grown in RPMI 1640 or Earles Minimum Essential Medium (MEM) (Washington University Tissue Culture Support Center), respectively, supplemented with 10% fetal calf serum (FCS), 1-glutamine, penicillinlstreptomycin, and nonessential amino acids at 37°C with 5% CO,.
Human fibroblast phage and B-lymphoblastoid cosmid genomic libraries were screened with a Ttg-1 cDNA probe, 11B1, as previously described.' DNA fragments hybridizing to the probe were subcloned into the plasmid Bluescript (Stratagene, La Jolla, CA) and dideoxy sequencing18 performed to identify intron-exon borders.
Total cellular RNA from cell lines and mouse tissues was prepared by a guanidine thiocyanate lysis procedure." Thirty micrograms of total RNA was analyzed by either standard Northern blots" or S1 nuclease protection assays."
Primer extension and SI nuclease mapping of transcriptional start. A synthetic oligonucleotide, the reverse complement of nucleotides 181-201 in the l l B l cDNA, was end-labeled using y'*Padenosine triphosphate (ATP) and T4 polynucleotide kinase. For S1 nuclease mapping, the labeled primer was annealed to singlestranded M13 DNA containing the "sense" strand of the 1.5-kb HindIII-Sac1 genomic fragment in which the start of the l l B l cDNA is located 496 bp from the Hind111 site. The annealed end-labeled primer was extended by Kienow DNA polymerase and cold dNTPs, digested with MboI, and the labeled product isolated after alkaline gel electrophoresis. The probe was hybridized overnight with RNA samples at 5WC, digested with S1 nuclease, and electroph~resed.'~ For primer extension, M-MuLV reverse Genomic cloning and sequencing.
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MCGUIRE, DAVIS, AND KORSMEYER transcriptase was used to synthesize single-stranded cDNA from RNA using the same end-labeled primer.m The coding portion of the Ttg-1 cDNA was inserted into the Hind111 site of the pATH2 TrpE expression vector. HBlOl Escherichia coli were transformed with pATH2 plasmids, grown to mid-log phase and induced with 20 pg/mL 3p-indoleacrylic acid for 8 hours at 30OC.2' Bacteria spun down and resuspended in 1 x sodium dodecyl sulfate (SDS) sample buffer containing P-mercaptoethanol, boiled, separated by SDS-polyacrylamide gel electrophoresis (PAGE)?' TrpE-Ttg-1 fusion protein, partially purified by preparative SDS-PAGE, was used to immunize rabbits. Fusion protein was analyzed by Western blotting with the resulting sera." After transfer, the nitrocellulose (MSI, Westboro, MA) was blocked for 2 hours with Blotto. Blots were incubated for 2 hours with preimmune or immune sera, washed for 1 hour with phosphate-buffered saline (PBS)-O.O5% Tween-20, then incubated for 2 hours with goat antirabbit horseradish peroxidase conjugated IgG (TAGO, Burlingame, CA) and washed again. Diaminobenzidine was used as a substrate for the horseradish peroxidase. IgG, isolated from immune serum using protein A-Sepharose, was applied to a column containing TrpE protein. The unbound IgG was subsequently applied to a column containing TrpE-Ttg-1 fusion protein.
IgG that bound to the fusion protein column was eluted and used for immunoprecipitation and immunofluorescence studies.
Immunoprecipitation of Ttg-I from 8402 cells. DHL-6 (B-cell line that lacks Ttg-1 mRNA) or 8402 cells, 1.5 x lo', were incubated in cysteine-free RPMI media (containing 10% dialyzed FCS) for 3 hours at 37°C. Cells were resuspended in new cysteinefree media with 125 pCi/mL 35S-cysteine for 6.5 hours at 37°C. Cells were washed three times in PBS, lysed with 1% SDS, and boiled. Phenylmethylsulfonyl fluoride (PMSF), 2 mmoVL, and 200 U/mL of aprotinin (Sigma, St Louis, MO) were then added. Lysates were precleared overnight by incubation with protein A-Sepharose in the absence of antibody at 4°C. The supernatant was then immunoprecipitatedz4 for 1 hour with either 20 pg of affinitypurified polyclonal rabbit anti-TrpE-Ttg-1 fusion protein IgG or 4 pL of preimmune rabbit sera that had been preabsorbed to 45 pL packed protein-A-sepharose. After washing, bound proteins were eluted by boiling in SDS sample buffer containing p-mercaptoethanol.
8402 cells, 2 x lo', were metabolically labeled with 35S-cysteine and washed as described above. Cells were resuspended in hypotonic buffer containing 15 m m o w HEPES, pH 7.6, 10 mmol/L KCl, 5 mmol/L MgCI,, 0.1 m m o w EDTA, 10 mmoVL Na,S,O,, and 2 mmoVL PMSF for 15 minutes on ice. Cells were then lysed by repeated passage through a 25-gauge needle (cell breakage was monitored by trypan blue inclusion). Nuclei were isolated by centrifugation at Production of antibodies to a TpE-Ttg-I fusion protein.
Subcellular fractionation and immunoprecipitation.
800g for 10 minutes at 4°C and washed twice with the same buffer. Supernatant from the first spin was designated the cytoplasmic fraction. Both fractions were immunoprecipitated as described above except that the affinity-purified antibody or preimmune sera was incubated with the cell fractions overnight at 4°C. The protein A-Sepharose was precleared with unlabeled 8402 nuclear lysate to eliminate the 17-Kd nonspecific band, and washed before being incubated with the labeled fraction/antibody mixture for 30 minutes.
Indirect immunofluorescence of N2a mouse neuroblastoma cells. Cells were grown on glass coverslips, washed twice with PBS/O.OS% bovine serum albumin (BSA), fixed with 4% paraformaldehyde in PBS for 20 minutes, and permeabilized with 0.1% Triton X-100 (Sigma)/O.O5% BSA in PBS for 15 minutes. Cells were first incubated with 1:20 normal goat serum in PBS for 30 minutes then washed three times with 0.1% Triton X-100/0.05% BSA in PBS. Cells were then incubated with 1:lOO preimmune sera, affinitypurified immune IgG 70 p,g/mL, or PBS for 45 minutes. Both the preimmune sera and affinity-purified IgG had been preabsorbed with permeabilized human y8 T cells (Peer cell line) to reduce cytoplasmic reactivity. Cells were washed three times with Triton/ BSA/PBS, incubated with fluorescein-conjugated goat antirabbit F(ab), fragment (Cappel, West Chester, PA) 1:800 for 30 minutes then washed three times as above. All incubations were performed at room temperature. Coverslips were mounted in 90% glycerol in PBS containing 2.5% DABCO (Sigma). Cells were examined on a BioRad Lasersharp MRCSOO Scanning Confocal Microscopy System (BioRad, Richmond, CA).
RESULTS
The human Ttg-1 gene spans over 45 kb as shown in Fig  1. Our map is similar to that recently published by Boehm et a1. 25 Comparison of the coding portions of the genomic clones and 8402 cDNA sequences showed only one nucleotide change, a silent change corresponding to nucleotide number 950 in the l l B l cDNA sequence (data not shown). Thus, the protein expressed in 8402 is identical to that expressed in normal tissues. Intronlexon boundaries agree with published mammalian consensus sequences (data not shown). Exons 2 and 3 each contain one of the two potential zinc finger domains.
Because thymus and most T-cell lines examined did not express Ttg-1 message,' we examined adult mouse RNAs to identify normal sites of expression. Brain appeared to be the major site of Ttg-1 expression (Fig 2) . Two bands of equal intensity (corresponding to the use of exon 1 versus la, discussed below) are seen. A variety of neural-related and cytoplasmic fractions by hypotonic lysis and needle shearing followed by low-speed centrifugation as described in Materials and Methods. Equal cell equivalents of nuclear and cytoplasmic fractions were immunoprecipitated and loaded in each lane essentially as described for (C) except that the protein A-sepharose was precleared with unlabeled 8402 nuclear lysate t o eliminate the 17-Kd nonspecific band. Lane 1, cytoplasm and preimmune sera; 2, cytoplasm and affinity-purified immune IgG; 3, nuclei and preimmune sera; 4, nuclei and affinity-purified immune IgG. (E) Indirect immunofluorescence of N2a mouse neuroblastoma cells. Cells were grown on glass coverslips, fixed, and incubated with the indicated sera or IgG as described in Materials and Methods. (1) Affinity-purified immune IgG, 70 &g/mL, punctate nuclear staining; (2) Preimmune sera, 1:lOO. faint diffuse cytoplasmic staining; (3) Second antibody alone, 1:800, fluorescein-conjugated goat antirabbit Flab),, faint diffuse cytoplasmic staining. Cells were examined with a BioRad Lasersharp MRC5OO Scanning Confocal Microscopy System at equal magnification. Differences in cell sire between the panels is due t o the pleomorphic appearance of N2a cells in culture."
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For personal use only. on November 15, 2017. by guest www.bloodjournal.org From cell lines, including a glioma, schwannoma, and melanoma cell line, were negative for Ttg-1 expression on Northern blots (data not shown). An S1 protection assay using a human cDNA probe, labeled at a unique SuuI site in exon 2, detects three protected fragments in RPMI 8402 mRNA (diagrammed in Fig 2C) . Our S1 probe contains the coding region of exon la, which is highly homologous to the coding region of exon l,z as well as part of the unique exon l a 5' untranslated region. This probe can discriminate between the use of exon l a versus exon 1 as well as unspliced mRNA in RPMI 8402 (lane 3). The high degree of homology between mouse and human Ttg-1 is apparent in the S1 protection assay in Fig 2C. RNA from the mouse neuroblastoma cell line N2a (lane 4) as well as fetal (lane 5) and adult (lane 6) mouse brain protects two fragments of 301 and 225 bp. The band of 225 nt is comprised of two very closely spaced fragments (data not shown). These lower two fragments appear to correspond to mouse RNA using exon 1 and unspliced RNA. This interpretation would be consistent with the Northern blot in Fig 2A as well as the studies of Boehm et al, who noted neural lineage expression of Ttg-1 and have cloned the mouse cDNA?' The same S1 assay detects a very small amount of Ttg-1 message in normal mouse kidney and heart not detected by Northern blotting (data not shown).
We used S1 nuclease mapping and primer extension to localize the transcriptional start site for Ttg-1 in the 8402 cell line (Fig 3A and B) . The major transcription initiation site mapped 20 nt 5' to our longest Ttg-1 cDNA (11B1) within exon l a (Fig 3) . The sequence surrounding the transcriptional start of exon l a identified in Fig 3A and B contains homology to the "initiator" sequence described by Smale and Baltimore for the terminal deoxynucleotidyltransferase (Tdt) gene (Fig 3C) .%
The alternative first exon identified by Boehm et al, which they called "exon 1," lies within 400 bp of the 8402 chromosomal breakpoint.z Exon 1 also contains a region of homology to the "initiator sequence." Of interest, the usage of exon 1 and l a in neural cell lines and tissues is approximately equal (Fig 2) , while exon 1 is not substantially used in the 8402 cell line (Fig 2C and 3 ) (see Discussion).
Because we had postulated that Ttg-1 could be a zinc finger protein,' we wished to identify the subcellular location of the protein as a first step toward determining its Ttg-1 l i n -1 1
Isl-1
mec-3
Ttg-1 lin-11
We produced a TrpE-Ttg-1 fusion protein that was used to generate polyclonal antibodies in rabbits. After induction with 3P-indoleacrylic acid, bacteria containing the pATH2 plasmid coding for TrpE express a protein of approximately 35 Kd (Fig 4A, lane 4) . Bacteria containing a pATH2 plasmid with the complete protein coding region of the Ttg-1 cDNA express a protein of approximately 53 Kd after induction as expected (lane 2). In the Western blot shown in Fig 4B, immune sera recognizes partially purified TrpE-Ttg-1 fusion protein with a molecular weight of approximately 53 Kd, as well as smaller proteolytic fragments.
Affinity-purified antifusion protein IgG immunoprecipitated an 18-Kd protein from 8402 cells metabolically labeled with 3'S-cysteine but not from DHL-6 (a B-cell line lacking Ttg-1 mRNA) (Fig 4C) . Because 18 Kd is equal to the size predicted by the cDNA, extensive posttranslational modification is unlikely. "S-cysteine labeled 8402 cells were then separated into nuclear and cytoplasmic fractions before immunoprecipitation. The immunoprecipitated 18-Kd protein was located in the nuclear fraction (Fig 4D) . Despite long labeling times, the immunoprecipitated band is faint, suggesting either a long protein half-life or a protein of low abundance.
To confirm the subcellular fractionation studies, we examined the mouse neuroblastoma cell line, N2a, by indirect immunofluorescence using the same polyclonal antibody (Fig 4E) . Our S1 nuclease protection assay showed that the coding region of Ttg-1 is highly conserved, suggesting that antibody raised against the human protein would cross-react with mouse protein. As shown in Fig 4E, panel  1 , incubation with affinity-purified IgG results in specific fluorescence of the nucleus. The nucleoli do not stain. The faint cytoplasmic fluorescence appears to be nonspecific as it was seen with the preimmune rabbit sera as well as with the goat antirabbit second antibody alone (Fig 4E, panels 2  and 3 ). Similar specific nuclear staining was seen when 8402 T-ALL cells were examined (not shown).
The recent cloning of lin-11'' and 1~1 -1~ along with reanalysis of potential reading frames for the mec-3 gene" indicate that these three genes share a homologous region with Ttg-1 (Fig 5) . This region can be further divided into two highly conserved novel cysteine-rich repeats with the general structure C-X,-C-X16.,,-H-X,-C-X,-C-X,-C-X,,,,-C. 
DISCUSSION
Ttg-1, a gene aberrantly expressed in the 8402 T-ALL line as a result of a t(ll;l4)(pl5;qll), is normally expressed in neural lineage cells rather than thymus or lymphoid cells. The promoter for the major transcript in 8402 cells lacks defined elements except that the actual transcriptional start site lies within a region homologous to the "initiator" sequence described for the Tdt gene and other genes (including the drosophila homeotic genes) that lack TATA boxes and are regulated during development." A similar initiator sequence is found upstream of an alternative first exon in Ttg-1 (exon 1) whose protein coding region differs from exon l a by only one or two amino acids.'.= The almost exclusive usage of exon l a in the translocated 8402 T-ALL cell line (Fig 3) may result from the fact that only about 400 bp of chromosome 11 sequence remains 5' to exon 1 because of the translocation with chromosome 14. Other, yet undefined, tissue-specific regulatory elements probably exist and may lie upstream of exon 1 (and possibly exon la). Greenberg et a1 demonstrated that 8 kb of genomic DNA upstream of exon 1 could direct neural expression of a lacZ reporter gene in transgenic mice.3o Many questions remain unanswered about the regulation of Ttg-1, including the rationale for using two alternative first exons with almost identical protein-coding regions.
Two potential zinc finger domains in Ttg-1 are homologous to domains found in lin-11 (required for the asymmetric division of a vulvar precursor cell type in the nematode C elegan~)?~ Isl-1 (rat insulin gene enhancer binding protein)," and mec-3 (essential for proper differentiation of touch neurons in Caenorhabditis e l e g a n~) .~~~~' While Ttg-1 lacks the homeodomain found in these three proteins, the degree of conservation with the cysteine-rich region between genes of diverse lineages covering a wide evolutionary scale suggests this region represents an important functional domain. The fact that one of these genes is known to bind DNA (Id-1) along with the general similarity of these cysteine-rich domains to those found in the two types of proven zinc finger proteins (the cysteine-histidine repeats of the TFI-IIA family and the cysteine-cysteine repeats of the steroid receptor hormone family)' leads us to postulate that the cysteine-rich domains in these four proteins may identify a distinct third family of zinc finger proteins.
The localization of Ttg-1 to the nucleus along with its similarity to several zinc finger proteins that regulate specific developmental events (including one known DNA binding protein) suggest that Ttg-1 may have a role in gene regulation within neural lineage cells potentially by direct DNA binding or by binding to other transcription factors. The aberrant expression of a neural lineage gene, Ttg-1, in the 8402 T-ALL line as a result of its translocation into the GTCR gene may directly contribute to its malignant phenotypeDeregulation of proteins with homology to known transcription factors is emerging as a common feature in a variety of lymphoid malignancies with different chromosomal translocations. This deregulation can occur by one or more mechanisms including mutation, aberrant expression of genes normally inactive in lymphoid cells, or formation of fusion proteins and/or mRNAs. Characterization of these proteins should yield important insights into the pathogenesis of lymphoid malignancies as well as normal gene regulation.
